Abstract. Due to the effect of Indian monsoon, the Kangri Karpo Mountains, located in southeast 14
35

Methods 36
Glacier Inventory 37
The outlines of glaciers in October 1980 were delineated manually from Topographic Maps. These 38 maps were geo-referenced and rectified with a kilometer grid, and validated by reference to the 39 original aerial photographs to update the first Chinese Glacier Inventory (Wu et al., 2016b) . TM/ETM+ scenes were used to validate and update the CGI2 and GAMDAM glacier inventory, 7
and generated the 2000 inventory of the detailed study area. 8
A semi-automated approach using the TM3/TM5 band ratio was applied to delineate glacier 9 outlines in 2015 using Landsat OLI images (Bolch et al. polygons are checked manually against images from adjacent years with less or no snow and 13 cloud-free, to discriminate proglacial lakes, seasonal snow, boulders on the glacier and 14 debris-covered ice (Fig. 3) . The final contiguous ice coverage was divided into individual glacier 15 polygons using topographical ridgelines (TRLs), which were automatically generated based on the 16
SRTM-C DEM (Guo et al., 2011). 17
The best way to assess the accuracy of glacier outlines is to compare extracted results with 18 independently digitized glacier outlines from high resolution aerial imagery at random locations 19 
Glacier Length 27
Glacier length is a key parameter in glacier inventory and its vector representation (glacier 28 centerlines) is important to model future glacier evolution and calculate glacier ice volume (Le 29
Bris and Paul, 2013). Some researchers defined it as the central flowline from the highest glacier 30 elevation to the terminus, whereas others regard the length of the longest flowline as glacier length 31 In this study, a new strategy based on a glacier axis concept from glacier morphology 36 perspective was applied that requires only glacier outlines and a DEM as input (Yao et al., 2015) . 37
As the base for the glacier axis concept we assume that the main direction of any given glaciers 38 can be defined as a curved line from its highest to its lowest elevation. At first, the outline of given 39 glacier is divided into two curved lines by its highest and its lowest point. Using the two curved 40 lines, the polygon of given glacier is divided into two regions by Euclidean distance. Glacier axis 41 is the common boundary of the two regions, and it can be defined as the glacier centerline. An 42 error estimation of the resulting glacier centerlines was performed that compared the 43 semi-automatically generated results to high resolution aerial imagery at the terminus of glacier 44 centerlines. A Corona image with a resolution of 4 m and Google Earth TM images with a resolution 1 better than 1 m were used to evaluate the accuracy of glacier centerlines. Hence, the uncertainties 2 of glacier centerlines from Topographic Maps and Landsat images are no more than 6 m and 7.5 m, 3 respectively. 4
Glacier elevation changes 5
The TerraSAR-X/TanDEM-X acquisitions were processed by differential SAR interferometry 6 (DInSAR) (Neckel et al., 2013a) using GAMMA SAR and interferometric processing software 7 (Werner et al., 2000) . 8
The interferometric phase of the single-pass TerraSAR-X/TanDEM-X interferogram could be 9 described by 10
where ∆ ∅TSX TDX ⁄ is the difference of phases of phases ∅TSX and ∅TDX simultaneously acquired 12
by TerraSAR-X and TanDEM-X. ∆ ∅orbit is the phase difference induced by the different 13 acquisition geometry of the SAR sensors, and ∆ ∅topo is the phase difference induced by 14 topography. ∆ ∅atm and ∆ ∅scat are the phase differences induced by atmospheric conditions and 15 different scattering on the ground. As the data of TerraSAR-X/TanDEM-X were acquired 16 simultaneously, the same atmospheric conditions and scattering are assumed for both SAR 17 antennas, which set ∆ ∅atm and ∆ ∅scat in Eq. (1) to zero. ∆ ∅orbit could be removed from the 18 interferogram by subtracting a simulated flat-earth phase trend (Rosen et al., 2000) . 19
The DInSAR approach can be described by 20
where ∆ ∅SRTM−C is the interferometric phase of the February 2000 SRTM-C acquisition. Due to 22 the unavailable of the raw interferometric data of the SRTM-C acquisition, ∆ ∅SRTM−C was 23 simulated from SRTM-C DEM data using the satellite geometry and baseline model of the 24
TerraSAR-X/TanDEM-X pass. Therefore the differential phase ∆ ∅diff is solely based on changes 25 in ∆ ∅topo between data acquisitions (Neckel et al., 2013b) . 26
In order to improve the phase-unwrapping procedure and minimize errors, the unfilled 27 finished SRTM C-band DEM were employed in this study. Before generating the differential 28 interferogram, precise horizontal offset registration and fitting between the SRTM C-band DEM 29 and the TerraSAR-X/TanDEM-X acquisitions is necessary. Based on the relation between the map 30 coordinates of the SRTM C-band DEM segment covering the TerraSAR-X/TanDEM-X master 31 file, and the SAR geometry of the respective master file, an initial lookup table was calculated. 32
While the areas of radar shadows and layover in the TerraSAR-X/TanDEM-X interferogram 33 would induce gaps in the lookup table, a method of linear interpolation between the gap edges in 34 each line of the lookup table was used to fill these gaps. The offsets between the master scene and 35 the simulated intensity of the SRTM C-band DEM, were calculated using cross correlation 36 optimization of the simulated SAR images employing GAMMA's offset_pwrm module. The 37 horizontal registration and geocoding lookup table were refined by these offsets. The SRTM 38 C-band DEM was translated from geographic coordinates into SAR coordinates via the refined 39 geocoding lookup table, and conversely, the final difference map was translated from SAR 40 coordinates into geographic coordinates. Then a differential interferogram was generated by the 41
TerraSAR-X/TanDEM-X interferogram and the simulated phase of the co-registered SRTM 42 C-band DEM. An adaptive filtering approach was used to filter the differential interferogram 43 (Goldstein and Werner, 1998), and then GAMMA's minimum cost flow (MCF) algorithm was 44 employed to unwrap the flattened differential interferogram. According to the computed 1 phase-to-height sensitivity and select ground control points (GCPs) from the respective off-glacier 2 pixel locations in the SRTM C-band DEM, the unwrapped differential phase was converted to 3 absolute differential heights. While, a residual not covered by the baseline refinement would be 4 existed, and can be regarded as a linear trend that estimated by a two dimensional first order 5 polynomial fit in off-glacier regions. The linear trend and a constant vertical offset were removed 6 from the maps of absolute differential heights. Finally, the resulting data sets were translated to a 7 metric cartographic coordinate system with 30 m × 30 m pixel spacing (Neckel et al., 2013a). 8
The same method of DInSAR was employed to acquire the glacier elevation change from 1980 to 9 2014 with the data sets of TOPO DEM and TerraSAR-X/TanDEM-X acquisitions. 
Mass balance and error estimation 35
In order to convert the derived surface elevation changes into the mass balance of glaciers, a 36 density of ice/firn/snow should be considered. A value of 900 kg m -3 was applied to assess the 37 mass changes in water equivalent (w.e.) from elevation differences, and then adding an ice density 38 TerraSAR-X/TanDEM-X interferogram into absolute heights was selected from the respective 6 off-glacier pixel locations in the SRTM C-band DEM, vertical bias of TerraSAR-X/TanDEM-X 7 DEM and GLA 14 is similar with the bias of SRTM C-band DEM and GLA 14. 8
For an error estimate of the derived surface elevation changes, the residual elevation 9 differences were estimated in off-glacier regions assuming that these areas did not change in 10 height between 1980 and 2014 and that elevations should be equal in TOPO DEM, SRTM C-band 11 DEM and TerraSAR-X/TanDEM-X DEM. The mean elevation difference (MED) over off-glacier 12 regions between the final difference maps was in the range of -1.42 to 0.75 m ( Table 2 ). Because 13 averaging over larger regions reduces the errors, the standard deviation (STDV) over off-glacier 14 regions would probably overestimate the uncertainty for larger samples. Thus, the uncertainty can 15 be estimated by the standard error of the mean (SE): 16
where N is the number of the included pixels. To avoid the effect of autocorrelation, 
Mass balance 36
The average elevation change of the entire glacier surfaces in the case study area of Kangri Karpo 37 Prominent thickening (elevation increase) was found on the termini of two glaciers on the 11 southern slope of the Kangri Karpo Mountains (Fig. 6C, 
Uncertainty 19
The uncertainty of glacier outlines was caused by positional and processing errors associated 
43
Another issue is the lack of information in several regions due to data voids in accumulation 1 area. Different suitable assumptions or elevation changes in the accumulation regions were used to 2 fill the data voids and to assess the impact on mass balance (Pieczonka et al., 2013; Shangguan et 3 al., 2015). In this study, the information of elevation change exists in all altitudinal zones from 4 2400 m to 6600 m a.s.l., and the area of data voids was too small (0.7% above 6000 m a.s.l. in 5 area) to affect the mass balance significantly. Hence, data voids can be neglected when mass 6 balance was estimated by all glaciers area in the detailed study area, average surface elevation 7 change and ice density. Landsat MSS/TM images are too low to identify glacier termini. Fortunately, two Landsat TM 44 scenes (LT51340401994189BKT00 and LT51340401988301BJC00) with high quality can be 1 employed in this study. Compared the glacier termini that acquired from Landsat scenes, such as 2 Glacier 5O282B0111 (Fig. 3B) , glacier advanced mainly occurs before 1988, and glacier retreated 3 continuously after that (Fig. 7) . Main reason for this phenomenon is probably that the increase of (Fig. 8) . 2800 m a.s.l. was the lowest altitude of clean-ice region and 5300 m 9 a.s.l. was the highest altitude of debris-covered region. Due to complex surface conditions, such as 10 supraglacial lakes, ice cliffs and heterogeneity of debris cover, the mass loss patterns on the 11 debris-covered tongue are complicated (Pellicciotti et al., 2015) . It is generally believed that ice 12 ablation rate is highly reduced with the thick debris-cover due to the insulation effect of debris. 13
However, previous studies found that glacier ablation on debris-covered regions were greater than 14 on the exposed ice regions, when debris thickness is less than critical thickness (Nakawo and 15 
Climatic considerations 28
The climate in Kangri Karpo Mountains is characterized be the westerly in winter and the 29 16 Farr, T. G., Rosen, P. A., Caro, E., Crippen, R., Duren, R., Hensley, S., Kobrick, M., Paller, M.,
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